The aim of this work is the material characterization of wall paintings and biodegradation assessment, including the analysis of microbial growth and the effect of microbial proliferation, in view of their conservation. The methodology was applied to the study of frescoes dated from 1531, located in the ancient parish church of Santo Aleixo, Southern Portugal. The combined use of optical microscopy, scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDS) and µ-X-ray diffraction (XRD) showed that the painting palette is composed of red and yellow ochers, malachite, azurite, and bone black. The pigments do not show signs of chemical deterioration, except for malachite, which transformed to black copper oxide (tenorite). The microbiological study allowed the identification of several bacterial strains (e.g., Gram+ cocci, Gram+ bacilli, Actinomycetes sp.), yeast strains, and filamentous fungi of the genera Penicillium, Cladosporium and Aspergillus, among others of the microflora present in the paintings. Their metabolic activity is primarily responsible for the physical disruption of paint layers and underlying mortars. The combined approach using SEM analysis and enzymatic dehydrogenase measurement allowed the evaluation of microflora proliferation and diagnosis of the biodeterioration of the mural paintings. Additionally, the effect of some commercial biocides was evaluated for the predominant strains in order to select the most efficient biocide.
INTRODUCTION

Mechanisms of Wall Painting Biodegradation: A Short Review
Mural paintings normally suffer detrimental effects due to environmental conditions, biological agents, and internal mechanical stress. Therefore, it is necessary to understand the physicochemical properties of the mural paintings materials, including paint layers, grounds, and mortars to avoid the use of inadequate materials in restoration (Rodrigues and Grossi 2004; Moropoulou et al. 2003) .
As this study presents, microorganisms activity can play an important role in the deterioration of mural paintings (Cifferri 1999) . Among these, lichens play a minor role in colonization. Algae and bryophytes although, often abundant in the plasters and mortars, are considered less important in biodegradation but they support the colonization and development of allied heterotrophic population of bacteria and fungi (Gómez -Alarcon et al. 1995) , which are the main biodeteriogens responsible for esthetical damage (overgrowth and discoloration) and structural damage (due to the formation of organic compounds). Although the involvement of microorganisms in the deterioration process is well acknowledged, the specific role of the different groups and species that compose the communities is not yet well understood (Krumbein et al. 1999) .
Microorganisms are not the only agents that cause the decay of mortars. Many environmental factors may synergistically or antagonistically contribute to the deteriorating actions of microorganisms (Scheerer et al. 2009 ). Pigmentation and physical damage in mural paintings are other effects in addition to biodeterioration. Many microorganisms produce serious damage in historic materials, which are decomposed from the impact of specific enzymes and organic acids. Fungi are particularly dangerous because they show a substantial tolerance to environmental conditions, their hyphae may have high level of proliferation in mortars and their spores, in a dormant state, are commonly present and available for germination and fungal-derived carboxylic acids (e.g., oxalic, citric, succinic, formic, malic, acetic, fumaric, glyoxylic, gluconic, and tartaric acids) can play a significant role in chemical attack (Fomina et al. 2010; Shirakawa 2003; Hien 2012) .
The growth of such microorganisms in the mortars, in the presence of pigments of the pictorial layers of frescoes, allows evaluation of the progress of deterioration and to better understand the role of microorganisms in the structural damage of mortars and chromatic alteration of paint layers. The importance of carrying out proper remediation action for microbiologically contaminated mural paintings is vital.
Mural paintings in Portugal: The Case of Santo Aleixo Church
Mural paintings are important elements of Portuguese popular and conventional art; however, a large number of these paintings, such as the Parish Church of Santo Aleixo, require urgent conservation/restoration actions. These works must encompass the history of the monument and its past interventions and a deep knowledge of the techniques used by artists as well as the identification of the materials and characterization and mapping of degradation forms (Rodriguez and Grossi 2004; Moropoulou et al. 2003 ).
In the past, studies on mural paintings materials have involved a large number of different instrumental analytical techniques including optical and scanning electron microscopy (SEM) (Ortega et al. 2001; Sanchez del Rio et al. 2004; Barilaro et al. 2005; Baraldi et al. 2006) , infrared spectroscopy (Barilaro et al. 2005; Baraldi et al. 2006; Salvado et al. 2005; Hernanz et al. 2006) , Raman spectroscopy (Edwards et al. 1999; Smith and Barbet 1999; Wang et al. 2004 , Barilaro et al. 2005 Hernanz et al. 2006) ], X-ray fluorescence (XRF) spectroscopy (Gil et al. 2008; Ortega et al. 2001; Aloupi et al. 2000; Chechak et al. 2004 ), X-ray diffraction (Barilaro et al. 2005; Baraldi et al. 2006; Salvado et al. 2005; Hernanz et al. 2006; Aloupi et al. 2000) and seldom synchrotronadvanced techniques (Ortega et al. 2001; Camagna et al. 2006) . Especially promising is the development of non-destructive techniques such as in-situ XRF (Gil et al. 2008; Ferrero et al. 2003; Uda 2004 ) and in-situ Raman (Vandenabeele et al. 2000; Perardi et al. 2000; Vandenabeele and Moens 2003; Perez-Alonso 2006) , which has recently enabled the in situ study to avoid sampling the mural paintings. However, these studies tend to focus on specific issues, namely the identification of the pigments and the stratigraphic analysis of the paint layers, thus lacking a global view of the problem of conservation of mural paintings. Thus, the development of integrated studies, such as the present study, that combine the evaluation of the physical and chemical properties of both paint layers and plasters of mural paintings and the assessment of the extrinsic causes and mechanisms of degradation become important steps for a comprehensive historical and artistic knowledge as well as for the development of adequate conservation methodology.
This study reports the results of the material characterization and biodegradation assessment of the 1531 mural paintings from the ancient Parish Church of Santo Aleixo, Southern Portugal. The Church of Santo Aleixo is a 16th-century building with simple structure, which has one of the most beautiful Renaissance Portuguese wall paintings. It is a unique case within Alentejo region and it is located in the wall of the main altar. It represents a false altarpiece with three scenes of Saint Alexius life (Figure 1, 1960) .
The building has been abandoned for almost 42 years resulting, among other factors, in the collapse of the nave roof, the appearance or deepening of structural cracks, and vandalism and theft of the central panel depicting Saint Alexius marriage. The wall painting has been in outdoor conditions for several years and is currently in an advanced state of degradation ( Figure 1b ). Comparison of photos taken in 2002, 2010, 2011, and 2012 allowed the identification of biological colonization as the main responsible for paint layers and mortars degradation and disruption. Several brownish to greenish stains are visible in the paint surface and seem to be spreading a little further each year. The final objectives of this work are to obtain relevant data for art historians concerning the materiality of these unique paintings and to evaluate the main sources of degradation in order to produce a scientific and technical report for the regional authorities that will be the basis of a conservation-restoration intervention strategy for the future safeguard of these paintings.
EXPERIMENTAL
Sampling
Microsampling of 51 paint layers was performed on representative areas of the paintings using a small chisel to allow a full characterization of the paintings' polychromy and the support mortars. They were all collected near paint losses or cracks to avoid further damage. For the microbiologic assays, the biological materials present in the paintings were aseptically collected in sterile recipients using sterile cotton buds and chisels. Figure 2 illustrates the sampling locations for material and biological identification and characterization. 
Material Characterization of the Frescoes
The preliminary identification of the pigments was carried out by microchemical analysis and by optical properties (Plesters 1956; Gettens and Stout 1969; Feller 1986; Roy 1993; Fitzhugh 1997; Eastough 2008) in a stereozoom microscope Leica M205C (Figure 3 ). Micro-samples of paint layers were mounted in polyester resin (Epofix Fix) and polished to allow cross-section analysis by optical microscopy (OM) and scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDS).
Optical microscopy observations were carried out in a Leica DM2500 microscope in reflected light and darkfield mode and digitally recorded by a Leica DFC290 HD photo camera enabling stratigraphy analysis and pigment morphology and spatial distribution.
Electron microscopy observations and microanalysis were preformed on the paint cross-sections after coating with Au-Pd (Balzers Union SCD 030) using an HITACHI 3700N scanning electron microscope coupled with a Bruker XFlash 5010 energy dispersive X-ray spectrometer to allow microstructural characterization of the paint layers and elemental composition (point analysis and two-dimensional [2D] mapping). EDS was performed at 20 KV.
Selected samples were further investigated by micro-Raman spectrometry and micro-X-ray diffraction to confirm pigment identification and alteration products. Raman spectra were measured on a Horiba Xplora confocal spectrometer, using 1% of the power coming from a 25-mW laser diode operating at a wavelength of 637.1 nm. This low power was necessary to preserve the sample of burning. To improve the signal-to-noise ratio, several spectra (between 10 and 20) were accumulated for an exposure time of 120 s for each. The identification was made by comparison with Raman libraries (Rruff database) and bibliographic references (Mattei et al. 2007; Vandenabeele et al. 2005 ). X-ray diffraction was performed in a Bruker D8 Discovery diffractometer with Gadds detector and Cu X-ray source operating. The detector diffraction image was converted to a diffractogram by integration of the diffraction pattern in the range of 3 • -70 • and 0.02 • steps.
Biological Activity Assessment
The collected biological samples were stored and manipulated under aseptic conditions. Samples from the cotton buds were diluted in 1 mL of sterile maximum recovery diluent and shaken mechanically for 1 h. Serial dilutions in peptone saline diluent were used to prepare nutrient agar (NA) plates. Bacterial isolation procedures were carried out in Petri dishes containing NA supplemented with 0.005% cycloheximide at 30 • C, for 48 h. The distinct single colonies, obtained, were subcultured onto NA for characterization. Bacterial strains were maintained on NA slants at 4 • C.
Fungal isolation of the colonies was done successively, using standard mycological medium (malt extract agar, potato-dextrose agar and cook rose bengal). All cultures were grown for 7 days at 28 • C. Macroscopic and microscopic characteristics of the obtained isolates were examined. Identification of fungi was based on the macroscopic features of colonies grown on agar plates, and the micro-morphology of the reproductive structures was identified by OM and SEM-EDS. Colonies morphologies were evaluated by microscope preparations. Gram's stains and some usually tests followed by Bergey's Manual of Systematic Bacteriology (Boone and Castelnholz 2001) were used for bacteria identification. Fungal strains were identified following standard methods (Domsch et al. 1980) , based on its macro-and micro-morphological characteristics, such as colony diameter, texture, color, dimensions, and morphology of hyphae and reproductive structures (for sporulating isolates). Samples for SEM were air-dried, coated with gold, and examined in Hitachi Scanning Electron Microscope S-3700N . The accelerating voltage was 18-20 kV.
To allow a deeper insight on the deteriogenic role of the microorganisms dehydrogenase activity was determined according to Camiña et al. (1998) using INT (2-(piodophenyl)-3-(p-nitropheny)-5 pheny tetrazolium chloride) as substrate. In the presence of the dehydrogenase enzyme, the hydrogen was removed from the substrate forming a tetrazolium salt. Briefly, 0.5 g (wet weight) of pulverized and homogenized standstone was mixed with 0.75 mL 1 M Tris buffer pH 7.5 and 1 mL INT (5 mg.mL −1 ) in 20% v/v N,Ndimethylformide. The control samples received 0.75 mL Tris buffer and 1 mL distilled water. The samples were incubated in the dark for 1 h in a water bath with shaker (40 • C, 200 rpm). The reaction was stopped by adding 4 mL N,N-dimethylformamide/ethanol (1:1 ratio) extractant and shaking for sample homogenization. The suspension was centrifuged and the absorbance of the supernatants measured at 490 nm. A standard curve was obtained using INTF (iodonitrotetrazolium chloride) at a concentration range of 0.5 µg/cm 3 to 40 µg/cm 3 . Assays were performed in triplicate.
Biocide Assessment
The antimicrobial activity of several commercial biocides: Preventol R80 (benzalkonium chloride), NEW-Des (Streptamidina H), Igran 500FW (Terbutryn) and Wikamol Murosol (tributiltin oxide) was evaluated against the predominant isolates found in the paintings. Fungal spore suspensions were prepared suspending in 5 mL of 0.85% NaCl solution loopfuls of hyphae and spores from malt extract agar (MEA) slant incubated at 25 • C for 7 days. The suspensions were filtered by triple gauze. Spore suspensions were adjusted to 10 6 -10 7 CFU mL −1 by serial dilution. Bacterial suspensions were prepared with 0.85% NaCl and adjusted to 10 7 CFU mL −1 . One mL of each suspension was plated, by incorporation in 20 mL of MEA and NA for fungi and bacteria, respectively. Filter paper discs (Macherey-Nagel 827 ATD) impregnated with 5 µL of each biocide were placed on the agar and the Petri dishes were incubated at 25 • C for 5 days and 48 h for fungi and bacteria, respectively. Antimicrobial activity was indicated by the formation of an inhibition halo that developed around the disc and was measured in triplicate plates. Table 1 summary of the 11 paint layers illustrated in this section with the identification of the pigments by the analytical setup and stratigraphic observations.
RESULTS AND DISCUSSION
Stratigraphic Analysis
Identification of Pigments and Painting Technique
3.1.1.1. Red pigments Microchemistry analysis allowed the identification of iron in all samples indicating that the red pigments used were very likely red ochre, clay-based earth pigment containing mainly hematite (Fe 2 O 3 ) as chromophore species. These results were confirmed by SEM-EDS (Figure 4) . The EDS spectra are typical of ochre pigments and elemental maps allowed the association between Si and Al with Fe in the red layers. The different shades were obtained by mixing lime and/or animal black pigment (C + Ca(PO 4 ) 2 ). 
Yellow and brown pigments
Like for the red pigments, microchemistry analysis allowed the identification of iron in all samples indicating that yellow and brown pigments are yellow and brown ochers, pigments composed of clay minerals containing iron oxo-hydroxides such as goethite (FeOOH). EDS spectra obtained by scanning electron microscopy in Figure 5 confirmed the association of Al and Si with Fe thus corroborating the use of ochre pigments.
Green and black pigments
Microchemical analysis of green samples detected the presence of copper, suggesting the use of a copper-based pigment, probably malachite. In Figure 6 , the EDS spectra and elemental mapping 2D confirmed the presence of Cu in green particles while the black areas are consistent with the use of animal black (presence of P and Ca, from apatite) just like was observed in the reds for the darker hues (Figure 3e ). Animal black pigment was also used intentionally as dark ground layer for the green foliage ( Figure 3j ). Nowadays, almost all the green paint layers from these areas have disappeared. Micro-XRD and micro-Raman allowed the identification of the green pigment as malachite as well as the identification of degradation products namely tenorite (a black copper oxide) and whewellite (a calcium oxalate). Conversion of basic copper carbonates into tenorite is normally attributed to the exposure to an alkaline environment or warm situations (Mattei et al. 2007; Roy 1993) . The paintings are sheltered from direct light exposure so the temperature doesn't seem to be the cause of its alteration. The most likely hypothesis is the painting technique since this pigment was mixed with a basic medium (Ca(OH) 2 ).
The presence of calcium oxalates indicates the action of oxalic acid (H 2 C 2 O 4 ) in the wall paintings. Oxalic acid could have promoted the decay of the basic green carbonates that were used by the painter. By reacting with calcium carbonate from the matrix and underneath mortars, it also continuously disrupts the material on which the artwork is based. This could be one of the reasons of the several chromatic lacunae present within the green decoration motifs (Figure 1b) .
The widespread formation of oxalates on paintings surfaces and on stone have been extensively studied (Perez-Alonso et al. 2006; Nevin et al. 2008; Lluvera et al. 2010) . However the origin of oxalates is still on discussion. Three hypotheses are currently appointed: a) metabolic products of biological activity (e.g., lichens); b) degradation of binding media (proteins and other organic materials) and finally, c) oxidation products of organic substances applied in conservation treatments. In the case study reported here, the first source seems to be the most likely origin (as noted previously in the discussion of biodegradation activity assessment). From the extensive green pain layers losses, the hypothesis b) cannot also be completely excluded although in the two paint layers analyzed by SEM-EDS, the only binder found was calcite ( Figure 6 ). 
Blue pigments
The only blue pigment used by the painters in Saint Alexius main altar mural painting was the basic copper carbonate azurite (Table 1; Figure 7 ). This pigment was identified by the optical properties under an optical microscope, by electron microscopy (presence of copper) and confirmed by micro-XRD as illustrated in Figure 8b . In an alkaline environment it was also expected to find the black copper oxide (tenorite) as a degradation product. However, unlike malachite, azurite particle exhibit an extraordinary stability taking into consideration the fact that the pigment was laid down at fresco. One explanation for the stability of azurite painting may be due to the coarse nature of the pigment particles. Optical observation of black grains of tenorite with sizes smaller than 10 µm seems to corroborate this hypothesis (Gil et al. 2011) .
The stratigraphic analysis of the 51 cross sections showed that the pictorial layers were laid down directly on a brownish outer layer of mortar (intonaco) with 0.1-0.8 cm thickness. In most of the colors, the pigment is embedded in the intonaco, which is indicative of "buon" fresco paintings, i.e., the paint (composed only by pigments and water) was laid down while the plaster was still wet hence allowing the slight penetration of the pigment in the mortar matrix (Figure 3a, d) . In some areas, however, more than one color layer is present suggesting that mezzofresco or even secco finishing's with lime could have been made (Figure 3j) .
The red-colored areas of the three painted scenes are mainly composed of a single layer. The red pigment is composed of red particles of very small size and layers thicknesses range from 5-30µm for the red colors and 19-54µm for pink colors (Figure 3b, e) . The difference in thickness and pigments distribution between red areas and pink areas are indicative that the pink hues were obtained by mixing red pigment probably with lime while for the red hues the pigment was dispersed only in water and applied directly on the wet surface.
The brown colors were obtained by mixing red and yellow pigments with coarse particles of a black pigment. The yellow areas correspond to thin layers (approx. 12µm) with yellow pigment particles with very small dimensions. The orange color was obtained by mixing a red pigment with a yellow pigment (Figure 3c, f) .
The blues were obtained by the use of coarse particles. Consequently, the blue areas of the paintings have a higher thicknesses ranging from 39 to 55 micrometers and up to 3 layers were found to produce light and shadow effects (Figure 3a, d) .
For the greens, the artist also used a pigment with rough coarse nature and the thickness of the layers varied between 48 and 91 µm. As already reported, the green color is often associated with an underlying layer of black color (Figure 3h, i) . The texture and lack of adhesion of the green layer points to the fact that it has been painted in mezzofresco or secco technique, which was a common solution used for unstable pigments such as malachite and other copper pigments.
Preparatory underdrawing made with red ochre was found in several cross-sections specially from the figures (Figure 3d ) while visual observation of the paintings in racking light revealed that for the geometric composition compass and incision lines were applied.
Microbiological Study
The microbiological study allowed the isolation of 31 bacterial strains (e.g., Gram+ cocci, Gram+ bacilli, Actinomycetes sp.), five yeast strains and 53 filamentous fungi strains. The most predominant genera were Penicillium and Cladosporium. Aspergillus sp., Trichoderma sp. and sterile micelia were also isolated. Figure 8 presents macroscopic features of the colonies and microscopic morphology of the microorganisms both by optical microscopy and scanning electron microscopy.
Biological Activity Assessment
The dehydrogenase activity reflects the total oxidative activities of microorganisms and hence the presence of living cells (Rossel et al. 1997; Huang et al. 2012) . The enzymatic dehydrogenase activity was used as an indicator of the presence of metabolic active cells. This activity was used as an indicator of biological oxidation/reduction reactions and therefore as a measure of the intensity of microbial metabolism. Results showed that all tested microorganisms have the capacity to proliferate in the mortars. The dehydrogenase activity determined in collected mortars from the paintings ranged from 1.96 ± 0.03 to 3.35 ± 0.28 mg INTF h −1 g −1 of mortar, indicating the active presence of living organisms.
Additionally, solid state cultures using predominant isolates as inoculate were performed in sterile samples of collected mortars in order to evaluate the proliferation ability of these microorganisms during 1 month. Microflora proliferation of bacterial and fungal strains was evaluated simultaneously by SEM and dehydrogenase activity as biochemical marker. Aspergillus sp., Cladosporium sp., Penicillium sp., Actynomycetes sp., sterile micelia and yeast sp., demonstrated a fast ability to proliferate (Figure 9 ). Dehydrogenase activity in inoculated mortars rise up to 19.0-31.5 µg/g during the assay.
SEM observation in secondary electrons mode at high magnification and resolution allowed the observation of microorganisms showing that both bacterial and fungal population are capable of proliferating in the paintings. Furthermore, fungal proliferation conduces to penetration of mycelia structures in the microstructure of the mortars, promoting dissemination of these microorganisms in depth while the bacterial growth occurs more superficially (Figure 9 ).
Biocide Activity
The antimicrobial activity of several commercial biocides was evaluated against the predominant isolates found in the mural paintings. Table 2 shows the inhibition halo results obtained against the main bacterial and fungal isolates.
The most effective biocides tested against bacteria were Preventol PN and Wikamol Murosol. Igram 500 FW showed bacterial activity for bacilli strains but was not active against cocci strains. The biocide New Des showed no bacterial activity. For fungal communities, the most effective biocides were Preventol R-80 (inhibition zones ranging from 24 to 42 mm), Preventol PN (inhibition zones ranging for 28 mm to total inhibition) and Wikamol Murosol (inhibition zones from 26 to 49 mm). Igram 500 FW had no fungicide activity against the studied fungal strains. Biodeterioration of mural paintings is caused by the attack of microrganisms that thrive and feed on the murals. Biocides used in chemical treatment exert their effect on the organisms in various ways, including oxidation, hydrolysis, denaturation, cell lysis, metabolic inhibition, and alteration of membrane permeability (Allsopp et al. 2004 , Warscheid 2000 Pepe et al. 2010) .
The commercial biocides used presented ability to inhibit the growth of all isolated microorganisms, showing satisfactory inhibition results particularly in a combined application of Preventol and Wikamol Murosol. In fact these two biocides belonging to the class of chlorophenols and organometalic compounds, respectively, acts on cells by different mechanisms and their joint action can enhance a greater biocide activity.
CONCLUSIONS
The analytical methodology adopted based on optical and scanning electron microscopy analyses and complemented with µ-XRD and µ-Raman allowed the identification of the pigments palette of the original painting dating from 1531, namely, red and yellow ochers, malachite, azurite, bone black, and lead white. Alteration products of malachite were identified in the green areas, which is due not only to the instability of this pigment but also to the fact that these areas were possibly painted in mezzofresco or secco technique.
The bioterioration assessment methodology with combination microanalysis and enzymatic dehydrogenase measurement allowed to isolate the main deteriogenic strains, to evaluate the microflora proliferation and to test the effectiveness of commercial biocides against the main bacterial and fungal strains which will be taken into consideration in the proposal for the conservation-restoration intervention of the paintings.
